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Abstract
Three different effects observed in experiments with rotating nuclei—backbending,
noncollective quadrupole transitions between different levels of the same band, and
transitions that occur, in rapidly rotating nuclei, from large-K isomeric states imme-
diately to the levels of a rotational band despite their strong forbiddenness in K—are
explained in terms of nonconservation of the quantum number K in such nuclei.
Shortly after the experimental discovery of backbending [1], it was assumed [2] that this
phenomenon was due to the alignment of the angular momenta of constituent nucleons along
the angular velocity vector of the nucleus. However, the physics behind such alignment has
not been clarified until now. That the above alignment is of a collective nature is supported
by the entire body of data on the levels of rotational bands in various nuclei. In order to
clarify this point in some detail, we can consider the frequency of a rotating nucleus as a
function of the angular momentum I; from the graph of this function, which, at large values
of I, has the form
~Ω =
dE(I)
dI
, (1)
we can see that backbending is always accompanied by a fall of ~Ω below the rigid-body line
~Ω =
~
2
J0
I, (2)
where
J0 =
2
5
MR2 (3)
is the rigid-body value of the moment of inertia of the nucleus being considered, M and R be-
ing its radius and mass, respectively. For the first backbending, such a correlation is observed
for each rotational band of a nonspherical nucleus. In contrast to this, secondary backbends
occur completely under the rigid-body line, whereas so-called low-frequency anomalies [3,4]
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show no correlation with this line. By way of illustration, the rotational frequency as a func-
tion of I is plotted in Fig. 1 for three rotational bands of the 160Yb nucleus (experimental
data on the transition energies for this nucleus were taken from [5]). For each of these bands,
we see that, in the region of the first backbending, the rotational frequency as a function of
I traverses the rigid-body line in the downward direction. In the rotational band built on
the ground state of the 160Y nucleus (that is, in the yrast line of this nucleus), the second
backbending occurs below the rigid-body line. In the rotational band built on the Ipi = 6−
state, the low-I irregularity of Ω represents a low-frequency anomaly. Such anomalies are
probably due to a noncollective alignment of an “odd” angular momentum, which is weakly
coupled to the nuclear core [6,7].
The above feature of the experimental I dependencies of Ω suggests [8] that the first
backbendings have a specific collective origin that distinguishes them both from higher back-
bendings and from low-frequency anomalies. Experimental data indicate that backbending
has nothing to do with intersections of different bands; therefore, it may be viewed as an
intrinsic property of a given band. In [8], we hypothesized that backbending results from
nonconservation on the quantum number K, the projection of the total angular momentum
onto the symmetry axis of the nucleus. Generally, the quantity K = I ·n is well defined only
in the limit Ω→ 0, that is for a nucleus at rest. As soon as components with different values
of K appear in the rotational density matrix of a nucleus, the angle θ between the direction
of angular momentum I and the symmetry axis n of the nucleus becomes uncertain. For the
spin of the nucleus in excess of some critical value, Ic, all K in the interval −I < K < I
become equiprobable. In this way, a smooth evolution of the scheme governing the coupling
of angular momenta in a rotating nucleus is completed, resulting in a simple form of this
coupling; the most typical mean values are then given by
〈K〉 = 0, 〈K2〉 =
I(I + 1)
3
, 〈cos2 θ〉 =
1
3
; (4)
that is, we go over from a less symmetric to a more symmetric rotational state: in particular,
the distribution of the angle θ becomes isotropic [see the last relation in (4)]. The critical
value of the nuclear spin, Ic, corresponds to the first backbending of the rotational band
being considered; experimentally, this backbending manifests itself as the above intersection
of the rigid-body line.
The above collective (macroscopic) transition that involves a change in symmetry is
naturally formulated within the theory of phase transitions due to Landau [9]. In [8,10-12],
the required formalism was developed in terms of the order parameter
η = 1−
3〈K2〉
I(I + 1)
. (5)
which vanishes in the more symmetric I ≥ Ic phase—we refer to it as the n phase. At the
point where Ω(I) intersects the rigid-body line in the region of the first backbending, we
have
~Ωnc =
~
2
J0
Ic, (6)
where Ωnc is the value of the rotational frequency at I values just above Ic—that is, at the
onset of the n phase.
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Let us describe the situation in some detail. In the limit of adiabatically slow rotation,
the wave function can be represented as
DIKM(n)χK(ξ).
If, however, the values of I and M = Iz are fixed, the total wave function of a nonspherical
nucleus generally has the form
ΨIM =
I∑
K=−I
DIKM(n)c
I
KχK(ξ). (7)
In order to obtain a self-consistent description in terms of the collective variable n, we
assume, as usual, that the extrinsic and intrinsic values of K coincide:
I · n ≡ Kξ. (8)
Upon the convolution of the internal (non-rotational) variables ξ, the relevant density matrix
takes the form
ρ(n,n′) =
I∑
K=−I
w(K)DIKM(n)D
I∗
KM(n
′),
w(K) = |cIK |
2.
(9)
In the representation of three angular-momentum variables I, M , and K, the rotational
density matrix has the particularly simple form
ρI0M0(I,M,K; I
′,M ′, K ′) = δII0δI′I0δMM0δM ′M0δKK ′w(K). (10)
Generally, the rotational state δKK ′w(K) is mixed—it becomes pure and factorizes only for
the degenerate case where K assumes a definite value. In the region I ≥ Ic, where the
scheme of coupling of angular momenta is simplified, we have w(K) = (2I + l)−1.
The proposed interpretation of the backbending phenomenon must be verified or dis-
proved by confronting other predictions of the underlying approach with data. One of the
possible checks was indicated in [8]. The probability w of electric quadrupole transitions
between different levels of a band is known to depend on K2. Therefore, a calculation of
the lifetime of a state that picks up contributions characterized by different values of K
necessarily involves averaging over the K distribution. In the semiclassical approximation,
the probability w for I ≫ 1 was derived in [8,12] as
w =
e2ω5
360~c5
(
1 +
η
2
)2
Q20, (11)
where ω = 2Ω and Q0 is the macroscopic quadrupole moment of the nucleus due to its
deformation. At the same time, the result at K = 0 is
w =
e2ω5
40~c5
I(I − 1)
(2I − 1)(2I + 1)
Q20.
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By somewhat formally defining the quantity QI as
Q2I =
4
9
(
1 +
η
2
)2
Q20, (12)
we finally arrive at the interpolation formula
w =
e2ω5
40~c5
I(I − 1)
(2I − 1)(2I + 1)
Q2I , (13)
which holds approximately for all values of I. We can see that, in the n phase (I ≥ Ic), the
effective quadrupole moment for radiative transitions, QI amounts to only two-thirds of the
quadrupole moment Q0 for the lowest value of I in the yrast band of an even-even nucleus.
The predictions are conveniently compared with the data in terms of the ratio Q2I/Q
2
0, where
Q0 is the quadrupole moment for the 2
+ → 0+ transition. We have
ζ =
Q2I
Q20
=
2
15
(2I − 1)(2I + 1)
I(I − 1)
(
ω2→0
ωI→I−2
)5
wI→I−2
w2→0
. (14)
That the probability of quadrupole transitions in a rotational band decreases with in-
creasing I was indeed observed experimentally (see, for example, [13]), but no attempt has
been made to relate this phenomenon, referred to as the loss of collectivity, to nonconser-
vation of K in rapidly rotating nuclei. The observed I dependence of the ratio ζI for the
yrast line of the 160Yb nucleus [14] is displayed in Fig. 2 along with our predictions. As a
rule, ζI ≤ 1, and the experimental values of ζI tend to decrease with increasing I. Because
of large uncertainties, the agreement with the prediction is not compelling.
There was one more experimental finding that supports the hypothesis of K nonconserva-
tion in rapidly rotating nuclei. We mean here the observation of direct radiative transitions
from the large-K isomeric states of the 182Os, 174Hf, and 179W nuclides to the levels of the
rotational bands built on the corresponding ground states [15-19]. Had K been constant
throughout the above bands, such radiative transitions would be strongly forbidden. That
these transitions occur only to higher levels in the vicinity of backbending suggests that the
amount of K nonconservation increases as I approaches the critical spin value Ic. Yet an-
other important observation is that some transitions to different bands of the 174Hf nucleus
(namely, to the ground-state band, to the band built on the β-vibrational state of the nu-
cleus, and to the octupole and hexadecapole bands) are characterized by very similar delay
factors fν (ν = |Ki −Kf | − λ is the order of forbiddenness in K, λ being the multipolarity
of the transition from the state i to the state f). This implies that violation of the quan-
tum number K has a universal character independent of the structure of a particular band.
Likewise, the data are consistent with the assumption that final states are broadly spread in
K.
To summarize, nonconservation of the quantum number K provides a clue to understand-
ing the aforementioned phenomena. Experimental data suggest that K is violated because
the scheme of coupling of angular momenta gradually evolves as I increases within a band.
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Figures captions
Fig. 1. Rotational frequency Ω as a function of the angular momentum I (a) for the yrast
line of the 160Yb nucleus and (b) for the Ipi = 6− (closed circles) and 9− (open circles) bands
of the same nucleus. For the yrast line of 160Yb, the critical value of the angular momentum
is 12.5. The straight line corresponds to the rigid-body approximation.
Fig. 2. Squared ratio of the effective quadrupole momentum in the yrast line of 160Yb to
the quadrupole momentum for the 2+ → 0+ transition [see equation (14)] versus the angular
momentum I.
5
This figure "fig1.jpg" is available in "jpg"
 format from:
http://arxiv.org/ps/nucl-th/0411085v1
This figure "fig2.jpg" is available in "jpg"
 format from:
http://arxiv.org/ps/nucl-th/0411085v1
